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INTROOUCTION 
Interestin fiber reinforced polymeric (FRP) composites for structural highway 
applications has generated the need for reliable techniques which may be used to measure all 
of the elastic constants of these materials. Mechanical techniques may only be used to 
measure some of the engineering constants of these anisotropic materials due to the geometry 
of the pultruded members. Further, mechanical tests are destructive in nature. Ultrasonic 
techniques are uniquely qualified for the nondestructive measurement of all of the elastic 
constants of these materials. This paper presents the results of three ultrasonic techniques. 
The first of these is an immersion technique, similar to that presented by Gieske and Allred 
[1]. The last two techniques were developed specifically for this research, and implement 
optical generation and detection of surface acoustic waves for the measurement of some of 
the elastic constants. The results of the various techniques are compared to each other, as 
well as to results from mechanical tests. 
THE MATERIAL 
The materials characterized in this research were FRP composites, manufactured by 
pultrusion. The specific resins t®d in these tests were vinylester and polyester. The fibers 
used in these specimens were contiQUOUS tows of E-glass, and E-glass mat This material 
system ~ be modeled as transversely isotropic. This transversely isotropic assumption 
was shown to be valid [2]. The members evaluated in this research are typical structural 
members: plates, I-, angles, and channel shape sections. The thicknesses of the specimens 
range from 0.25 inches to 1.0 inch. lt is important to note that the pultrusion manufacturing 
process introduces appreciable spatial variation in fiber distribution and porosity, as weH as 
material properties. 
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THEORY BEI-UND ULTRASONIC TECHNIQUES 
Fora general anisotropic material, the relationship between ultrasonic phase velocity and the 
stiffness matrix is given by the Christoffel equation as follows: 
(1) 
where V is the ultrasonic phase velocity, Cii*l is the general 9 x 9 stiffness matrix, p is the 
material density, 1 is the direction of propagation, ak is the polarization direction, and 6;* is 
the Kroneckerdelta (note that i,j, k, I= 1 to 3). Since the stiffness matrix is symmetric (due 
to strain energy considerations), CU# is reduced to a 6 x 6 matrix with 36 components. To 
establish the relationship between tiltrasonic phase velocities and the material elastic 
constants, it is useful to adopt an orthogonal coordinate system (x" Xz, ~) in which the ~ 
axis coincides with the fiber direction in a unidirectionally reinforced composite (See Figure 
1). The pultrusion direction in this material is perpendicular to the plane of isotropy. For the 
case of a transversely isotropic material, the 6 x 6 stiffness matrix can be expressed in terms 
of five independent elastic constants (note that the ~ axis is the axis of symmetry): 
fCu c,2 c,3 0 0 0 1 
IC11 Cu c,3 0 0 Ol 
lc,3 c13 c;3 0 0 ol 
cmn =I o 0 0 c44 0 ol (2) 
lo 0 0 0 c44 ol l 0 0 0 0 0 c~J 
where C12 - C11 - 2C~. Using the coordinate system shown in Figure 1 and the 
transversely isotropic assumption, Christoffel's equation (Eq. 1) may be expressed solely in 
terms of the five independent elastic constants (C11, ~3, C66, C44, C13) and the phase 
velocities. For longitudinal waves propagating in the x1 and ~ directions, Christoffel's 
equation (Eq. 1) yields the following simplified forms, respectively: 
(3) 
(4) 
Directi n 
Figure 1. Coordinate system with respect to material directions, 
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A shear wave propagating in the 1-2 plane (plane of isotropy), Christoffel's equation (Eq. 1) 
yields: 
(5) 
Note that the velocity in Eq. 5 is not dependent on direction~ the shear velocity, V, is the 
same at each angle, 8. This is because the 1-2 plane is the plane of isotropy, and hence, the 
shear wave speed is constant everywhere in this plane. Fora quasi-shear wave traveling in 
the 1-3 plane and with polarization in the 1-3 plane, Christoffel's equation ( Eq. 1) yields: 
(6) 
where: 
and 
c = C11 C44sin4(8) + (C441 + C11 ~- (C13+ C4,i)sin1(B)cos1(8) + C33 C44cos4(8). 
Fora transversely isotropic material, the relationships between the surface acoustic 
wave speed and the elastic constants can be expressed for surface acoustic waves traveling in 
principal directions [3]. The surface acoustic wave propagates with a phase velocity, V R• 
(Rayleigh phase velocity) and its amplitude decreases exponentially with depth below the 
surface. Fora surface acoustic wave traveling in the ~ direction on a free surface which lies 
in the 1-3 plane, the relationship between elastic constants and phase velocity is given by: 
(7) 
where (;3 = p V R3z (V R3 is the phase velocity of the surface acoustic wave traveling in the ~ 
direction on a free surface which lies in the 1-3 plane). The relationship for a surface 
acoustic wave traveling in the x1 direction on the same free surface (1-3) as above is given 
by: 
where (;1 • pVR11 (V Rt is the phase velocity of the surface acoustic wave traveling in the x1 
direction on a free surface which lies in the 1-3 plane). The relationship for a surface 
acoustic wave which travels in the x1 direction on a free surface which lies in the 1-2 plane is 
given by: 
(9) 
where (;1 =- pVR12 (V Rl is the phase Velocity of the surface acoustic wave traveling in the x1 
direction on a free surface which lies in the 1-2 plane). Note that Eqs. 6- 8 are for surface 
acoustic waves traveling in principal directions. The only surface acoustic waves used in 
this research travel in one of the previously mentioned principal directions. 
ULTRASONIC TECHNIQUES 
Immersion Technigue 
The first ultrasonic technique used in this research implemented a combination of 
contact piezoelectric and immersion piezoelectric transducers. Two 1 MHz contact 
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piezoelectric transducers were used to measure the travel times of longitudinal ultrasonic 
waves traveling in the ~ (pultrusion direction) and x1 directions (perpendicular to 
pultrusion). A function generator was used to send two periods of a sinusoidal signal to the 
sending transducer, as weil as to a digital oscilloscope. After the ultrasonic wave traveled 
through the specimen, the receiving transducer sent a voltage to a digital oscilloscope. The 
ultrasonic travel time was equal to the difference between the arrival time of the signal from 
the function generator and the signal from the receiving transducer. The ultrasonic path 
lengths (specimen dimensions) were measured using a pair of calipers. The longitudinal 
phase velocities were then calculated using the measured travel times and ultrasonic path 
lengths. Thesephase velocities were used with equations (4) and (3) for the calculation of 
the elastic constants C33 and Cw respectively (note that the density of the specimen has been 
measured separately using another procedure). 
The immersion set-up was used for the determination of the remaining three elastic 
constants. The immersion set-up consisted of a tank filled with water, two 3.5 MHz 
piezoelectric immersion transducers, and a goniometer which allowed the orientation of the 
specimen to be rotated with respect to the incident ult.rasonic wave (See Figure 2). The same 
function generator and digital oscilloscope were used for the immersion set-up. The 
calculation of the phase velocity in the specimen consisted of first measuring the travel time 
of the ultrasonic wave without the specimen in the water path, and then measuring the travel 
time with the specimen in the path. The equation used for the velocity calculation is given 
below: 
1 
V8,) = -;:====:===== 
1 T 2 2-r: 
-+---cos(8.) 
VW2 d' d I 
(10) 
where V,. is the ultrasonic phase velocity of water, d is the specimen thickness, 8; is the 
angle that the incident wave mak:es with the specimen, and 8r is the angle at which the wave 
travels in the specimen, and T is the difference in the arrival times with the specimen in the 
ultrasonic path and without the specimen in the path. The shear wave velocity was measured 
as a function of rotationangle about the ~ axis and used in Eq. (5) for the calculation of C66' 
The shear wave speed measurements are made at 1° intervals from 36° to 62° with respect to a 
normal to the specimen surface. This intervalwas chosen because it was observed tobe 
beyond the critical angle in the 1-2 plane, and hence the only detected wave was a shear 
wave. Since the 1-2 plane is the plane of isotropy, the shear wave speed should be the same 
at every angle. The average of all of the measured values was tak:en to be the actual wave 
speed. The shear wave speeds were also measured as a function of angle about the Xz axis. 
- •nction Generat r otation SignaiTo• 
Signal From ~men 
~ ~ Control Osci.lloscopE _. .......... 
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Figure 2. Immersion set-up. 
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The same incident angles are used for this case. These measured shear wave speeds were 
used with Eq. (6) to calculate C44 and C13• Since there were Z7 measured velocities and only 
two unknowns in Eq. (6), the result was an overdetermined system of equations. A Gauss-
Newton nonlinear regression method was used to obtain the last two elastic constants from 
the set of measured phase velocities. Since the goal of this research was to characterize the 
pultruded FRP composites so that they may be used in structural applications, it was desired 
to take one step further and calculate the engineering constants from the elastic constants. 
The following equations were used: 
(11) 
(12) 
(13) 
(14) 
The immersion procedure was performed on two specimens cut from a reinforced 
Vinylester angle member. The specimens had dimensions of 112 in. thick x 6 in. long x by 6 
in. wide. The results of the immersion technique are given in Table 1. Destructive 
mechanical tests were also performed on these specimens. A comparison of the ultrasonic 
and destructive techniques is given in Table 2. It is important to note that, due to specimen 
geometry, only one engineering constant was obtained for each mechanical test. 
Surface Acoustic Wave Tecbnigue 
In the surface acoustic wave technique, the constants C11 and C33 were measured 
using the same procedure as in the immersion technique. However, the remaining three 
constants were found by measuring various surface acoustic wave speeds. This was 
accomplished by measuring the travel times of these waves across known distances along the 
specimen surfaces. The surface acoustic waves were generated using a 9 mJ Q-switched, 15 
ns pulse length Nd:Y AG Iaser, which produced a 1060 nm wavelength beam. The surface 
acoustic waves were detected using a heterodyne interferometer. This interferometer 
implemented a 2 watt argon-ion Iaser with a wavelength of 514.5 nm. A complete 
description of the interferometric system used in this researchwas given in [2]. 
The surface acoustic wave speeds were measured by reflecting the a Iaser pulse off a 
mirror and onto the specimen surface; the pulse generated surface acoustic waves, which 
traveled along the specimen surface and were detected by the interferometer. The mirror, 
Table 1. Results of immersion tecbnique (elastic constants) 
Elastic Constants OPa) 
S~imen C33 Cu 44 c66 Ct3 
1 32.50 12.74 5.88 4.43 9.51 
2 32.19 11.35 9.34 4.30 8.28 
Table 2. Comparison of results of nondestructive and destructive techniques 
E33 (OPa) 
Specimen Compression Test Immersion Test % Difference 
1 21.27 21.63 1.7 
2 21.37 22.45 5.1 
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which was located on a translation stage, was moved a known distance closer to the 
detection point, and another swface acoustic wave was generated and detected. The 
difference between the arrival of the two swface acoustic waves was divided by the known 
distance to obtain the swface acoustic wave speed. 
For the first swface acoustic wave technique, the swface acoustic wave speeds were 
measured for: {1} waves traveling along the x3 direction on the free swface lying in the 1-3 
plane; {2} waves traveling in the x 1 direction on the free swface lying in the 1-2 plane; and 
{3} waves traveling in the x1 direction on a free swface lying in the 1-3 plane. With C11 and 
C33 known, the constant C66 was found by plugging wave speed {3} into Eq. (8) and 
solving. The constants C13 and C44 are found by simultaneously solving Eq. (7) (and 
plugging in wave speed { 1}) and Eq. (9) ( and plugging in wave speed {3} ). 
The swface acoustic wave technique was performed on specimens cut from 4 by 4 
by 114 in. vinylester reinforced angle member. An example of results from the surface 
acoustic wave technique is given in Table 3. The immersion technique was also performed 
on these samples. A comparison of the engineering constants obtained using these two 
techniques is given in Table 4. 
Single-Sided Surface Acoustic Wave Technigue 
The single-sided swface acoustic wave technique implemented the same general 
procedure for the measurement of the constant Cw but a single contact piezoelectric 
transducer was used in reflection mode (tosend and receive). The constants C44 and C66 
were calculated using a single contact shear wave transducer (in reflection mode) to measure 
the appropriate shear wave speeds, and Eqns. (5) and (6) foranormal incident wave. The 
optical generation and detection systems were used to obtain the wave speeds necessary for 
the calculation of the last two constants. The swface acoustic wave speed { 1} (from the 
previous section) was measured using the same procedure described previously. When the 
Iaser pulse strikes the specimen swface, bulk waves (as weil as surface waves) are 
generatat When the generation location and detection location are located along a line 
parallel to the pultrusion direction (~). a component of the longitudinal wave in the fiber 
(pultrusion) direction can also be observed An example of the optical measurement of the 
longitudinal and surface acoustic wave travel times along the fiber direction is given in 
Figure 3. Consequently, the same optical generation and detection procedure was used to 
measure the longitudinal wave speed in the fiber direction, V 1..33 . Eqn. (3) was then used to 
calculate C33• With C33 known, surface acoustic wave speed { 1} was plugged into Eqn. (7), 
and this equation was solved for C13• 
The single-sided swface acoustic wave and immersion techniques were performed on 
specimens cut from 318 in. thick , 6 in. by 6 in. angle members. Examples of the results are 
presented in Tables 5 and 6 for two specimens. 
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Table 3. Results from swface acoustic wave technique 
Elastic Constants (OPa) 
Soecimen c~~ c (:.U C:"; 
3 33.10 10.88 7.10 3.66 
4 36.7 12.00 7.14 2.94 
Table 4. Surface acoustic wave and immersion technique 
comparison of engineering constants 
Engineering Constants (OPa) 
Technique EaJ Eu 023 
Swface Acoustic 25.71 8.85 3.66 
Immersion 24.32 8.94 4.51 
Cn 
7.30 
9.45 
o,2 
7.10 
4.99 
% Difference -5.4 +1.0 +23.4 -29.9 
0.05 
~ -0.05 
E 
5 
~ -0.1 
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> -0.15 
-0.2 
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Figure 3. Typical surface acoustic wave signals and travel time 
measurement ( optical generation and detection). 
Table 5. Comparison of single sided surface acoustic wave 
and immersion results- (specimen 5) 
Specimen5 
Constant (OPa) Immersion Surface Acoustic % Difference 
C33 28.48 30.20 -6.0 
Cu 14.32 15.00 -4.8 
c44 4.08 3.94 +3.6 
c66 4.57 3.85 +18.8 
cl3 10.03 10.50 -4.7 
En 18.63 20.17 -7.6 
E_jj 10.14 10.27 -1.2 
O.n 4JlR ~94 +~7 
Gt2 4.57 3.85 +18.8 
2 
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Table 6. Comparison of single sided surface acoustic wave 
and immersion results- (specimen 6) 
Specimen6 
Constant (OPa) Immersion Surface Acoustic % Difference 
c33 40.84 45.89 -11.0 
Cu 13.44 15.01 -10.5 
c44 3.86 3.70 +4.3 
c66 4.07 3.77 +8.0 
Cn 13.06 15.70 -16.8 
E:33 22.0 23.03 -4.5 
Eu 9.08 890 +2.0 
0,_1 3.86 3.70 +43 
o,2 4.07 3.77 +8.0 
CONCLUSION 
This paper presents the results from three ultrasonic techniques which may be used 
for the determination of the engineering constants of pultruded FRP composites. The 
immersion technique has limitations: ( 1) the specimen must be placed in a tank of water, and 
(2) access to the ends of the specimen is required for the measurement of the longitudinal 
wave speed in the fiber direction. The single-sided surface acoustic wave technique, 
developed in this research program, has the most advantages; the specimen does not have to 
be placed in a tank, and access to the ends of the specimen is not required as it was for the 
first two techniques. The single-sided surface acoustic wave technique has great potential 
for actual in-service monitoring of structures; by adapting a fiber optic interferometric 
system, the single-sided surface acoustic wave technique could be used to measure local 
changes in engineering constants on FRP structures when access to only one side of the 
member is allowed. 
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